ABSTRACT This paper investigates the problem of path following control of the underactuated autonomous underwater vehicles in the presence of model uncertainties and external disturbances. With the threedimensional path following error model established based on virtual guidance method, a path following robust control system is proposed using the command filtered backstepping control, neural networks, and adaptive control techniques. Then, a Lyapunov-based stability analysis demonstrates that all the signals are bounded and path following errors ultimately converge to a neighborhood of the origin. Following advantages are highlighted in this paper: 1) the derivative of virtual control is obtained via a second-order filter, which avoids explosion of complexity in the traditional backstepping design, and filters out high frequency measurement noise to keep the control system more robust, and a filtered error compensation loop is developed to guarantee the approximation precision between the virtual control signals and the filtered signals and 2) the presented controller is easily put into practice without any former knowledge of vehicle parameters and external environmental disturbances. Finally, the simulations are conducted, and results illustrate the effectiveness and good robustness of the proposed control system through a new class of flying wing autonomous underwater vehicle.
I. INTRODUCTION
The control problems of the underactuated autonomous underwater vehicles (AUVs) has attracted significant attention from the research community due to their wide applications in the exploration of ocean resource and military affairs, such as oceanography, surveillance, ocean floor survey, seafloor mapping, deep sea archaeology, oil and gas industry [1] - [5] . A typical and indispensable task is to follow a prescribed path without time constraints and complete some missions [6] , [7] . Due to the consideration of weight, cost and energy consumption, most autonomous underwater vehicles are underactuated, which signifies that they lack independent control inputs in the whole degrees of freedom, and the absence of actuator in sway and heave actuation presents great challenges on the controller design. In addition, the AUVs usually work in the harsh ocean environment and their motions are strongly influenced by perturbations including hydrodynamic parameters and external disturbances such as waves, ocean currents and so on [8] , [9] . Therefore, the path following control problem for the underactuated AUVs is of great challenge.
Much of the early work for the path following problem of the underactuated AUVs were publisheded in a huge number of academic papers. Approaches based on the line-of-sight (LOS) guidance were very successfully applied in the horizontal path following [10] - [14] . Moreover, backste-pping control approach was also employed widely in the path following control problem of the underactuated AUVs [15] - [17] . A novel method based on Lyapunov stability theory and feedback gain backstepping technology for the marine surface vehicles has been presented in [18] . A state feedback backstepping control algorithm has been proposed for the path following problem of underactuated AUVs [19] . The robust adaptive fuzzy sliding control scheme with fully unknown parameters has been presented in [20] and [21] . A novel direct controller based on adaptive fuzzy technology with unknown parametric dynamics was designed in [22] and [23] , and an adaptive robust online constructive fuzzy control method was employed to deal with the model uncertainties and unknown external disturbances. In [24] , the adaptive neural network (NN) controller based on the Lyapunov stability theory has been developed to realize the path following of the underactuated AUVs in the presence of parameter uncertainties and unknown external disturbances. In [25] , a robust controller for the horizontal path following problems of underactuated AUVs was designed based on the dynamic surface control (DSC) technology, and the neural network system was employed to process the vehicle uncertainties. Unfortunately, it is very necessary to indicate that most of previously published researches concentrate on the path following problems only in the horizontal plane. However, in the three-dimensional space, the path following problem is more difficult due to the fact that the dynamics of AUVs is more complicated and the number of degrees of freedom increases, which makes the control scheme design more challenging [26] . Therefore, only a few researchers have investigated this control problem. In [27] , a new kinematic controller based on backstepping and Lyapunov techniques was proposed to deal with the vehicle dynamics. In [28] , the cascade system theory and backstepping method were employed to develop controllers based on the LOS, which can reduce the complexities of the controllers, but not suit for the general desired path. In [29] , an adaptive nonlinear controller was presented based on the backstepping and sliding mode control, and the fuzzy logic theory was used to deal with the problems of vehicle uncertainties and external environment disturbances in the control system. In [30] , a nonlinear controller based on the command filtered backstepping was presented, which can greatly reduce the computational complexities of the traditional backstepping approach, but not consider the parameter uncertainties and environmental disturbances thus restricting its applications in practice. To sum up, all of the aforementioned controllers at least suffer from one of the following shortcomings:
(i) Most of previously designed control scheme for the path following control of the underactuated AUVs only concentrate on their planar motions which are not suitable for the three-dimensional problem. (ii) The second problem is about the intrinsic explosion of complexities in the traditional back-stepping method. (iii) The previous controllers generally assume that both the parameter uncertainties and external disturbances are not considered or are linear-in-parameter (LIP), which restricts the application of AUVs in practice. Toward this end, this paper has proposed a nonlinear path following control scheme based on the command filtered backstepping approach for three-dimensional path following problems of the underactuated AUVs, and the neuro-adaptive control techniques are employed to deal with the problems of parameter uncertainties in the control system.
The remainder of this paper is arranged as follows. The preliminary and problem statement are presented in Section II. The robust controller design for the threedimensional path following of an underactuated AUV is proposed in Section III. The stability analysis for the overall control system is presented in Section IV. Simulation results to evaluate the proposed controller performance are presented in Section V. Finally, the conclusions and futurework are drawn in Section VI.
II. PRELIMINARY AND PROBLEM STATEMENT A. NEURAL NETWORKS
Neural networks are widely applied in the design of various robotic controllers due to their intrinsic capabilities in function approximations. Among them, the radial basis function neural networks (RBFNNs) are very popular due to their simplicity and linear parameterization [31] . The structure of a three-layer RBFNN is illustrated in Figure 1 .
For a arbitrary continuous function
which can be also expressed as
T represents the output vector. W ∈ q×k is the NN weights matrix, and
where the ξ n (x) is the n − th Gaussian basis function, µ n = [µ n1 , . . . µ np ] T and λ n are the center vector and the standard deviation, respectively. ε w (x) = [ε w1 (x), . . . , ε wq (x)] T is the approximation error vector, and we assume that ε w (x) ≤ D w , ∀x ∈ p , where D w is an unknown positive constant. According to [32] , there is an optimal NN weight matrix W * that makes ε w minimize for any x ∈ p such that The dynamic model of AUV in the three-dimensional space is presented in this section. Ignore the effects of the AUV rolling, and the 5-degree-of-freedom dynamic model of the AUV can be considered as follows [33] :
The AUV kinematic equation is:
The AUV dynamic equation is:
where x, y, z, θ and ψ represent positions and orientations of velocities in the earth fixed frame, respectively; u, v and w denote the surge, sway and heave velocities in the body fixed frame, respectively; q and r represent pitch angular velocity and yaw angular velocities, respectively; The signals τ u , τ q and τ r represent control inputs that are provided by propellers and thrusters; f k (k), k = u, v, w, q, r represent the unknown nonlinear dynamics of AUV including friction terms and the hydrodynamic damping terms, and d k (t), k = u, v, w, q, r represent bounded external environmental disturbances that are produced by the ocean currents, waves and wind, and m ii , i = 1, 2, 3, 5, 6 represent the combined inertia and added mass terms; Other signals and parameters can be found in [34] .
C. AUV PATH FOLLOWING ERROR DYNAMICS
The three-dimensional path following dynamic error model is proposed in this section. In Figure 2 , l d is the desired path described by design parameters.{E} , {B} and {F} denote the earth fixed frame, body fixed frame and Serret-Frenet frame respectively. Q denotes mass center of the AUV, which coincides with the origin of frame {B}, and P denotes the virtual reference guidance point in Serret-Frenet frame. Consider the course angle θ F , ψ F rotating around the axis Z E and Y E , respectively [35] .
∂s , and s is the parameter of desired path. We define the position of point P is
, and the position of point Q in the earth fixed frame is η n = [x, y, z] T . The path following error can be defined as:
where R n b is the rotation matrix from the frame {B} to {E}, and differentiate ε with respect to time yields:
F is the rotation matrix from the frame {F} to {E}, and ν F = [u r , 0, 0] T is the virtual reference velocity.
within R(ψ e , θ e ) =   cos θ e cos ψ e − sin ψ e sin θ e cos ψ e cos θ e sin ψ e cos ψ e sin θ e sin ψ e − sin θ e 0 cos θ e  
and
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So the AUV path following error dynamics model in the three-dimensional space can be written as:
where θ e = θ − θ F , ψ e = ψ − ψ F , and θ ∈ (−π/2, π/2).
III. PATH FOLLOWING CONTROLLER DESIGN A. POSITION CONTROL
According to (11) , consider Lyapunov function V 1 :
Differentiating V 1 along with (11) yields:
Define virtual control values u c , θ c and ψ c , respectively:
where σ 1 , σ 2 and σ 3 are unknown positive constants, and substitute (14) into (13) we get:
In order to avoid the computational complexities of controller in traditional backstepping method, the virtual control values are passed by the command filter [36] . Then, a secondorder filter is designed as follows:
where
T is the vector of desired virtual control, and υ cf = [s cf , e cf , h cf , θ cf , ψ cf , u cf , q cf , r cf ] T is the filtered virtual control vector, ζ and n are the unknown positive constants, where 0 < ζ < 1, and the structure of second-order filter is shown in Figure 3 .
Define the filtered position tracking errors as: (17) Differentiating (17) along with (11) yields: (19) Substituting (19) into (18) yields:
B. ATTITUDE CONTROL Definingψ = ψ e − ψ cf ,θ = θ e − θ cf , and differentiatingψ andθ yields: (21) 74358 VOLUME 6, 2018 wherer = r − r cf ,q = q − q cf , and define the desired virtual control values r c and q c , respectively. r c = (r F +ψ cf − χ ψψ − ψ bs ) cos θ q c = q F +θ cf − χ θθ − θ bs (22) where χ ψ and χ θ are unknown positive constants, ψ bs and θ bs are system robust terms which are designed in Section IV.
Substituting (22) into (21) 
C. VELOCITY AND ANGULAR VELOCITY CONTROL
Definingu =u −u cf ,q =q −q cf andṙ =ṙ −ṙ cf , and the follow-ing error equations are obtained:
Then, the following controller in the surge direction is designed:
where χ u , χ iu , µ u , λ wu , δ u , λ ηu , κ u , η u0 are the positive design parameters, ν satisfies ν = e −(ν+1) , and x u = [u, v, w, q, r,u cf ] T ,ε u =ũ, and define u =Ŵ u ξ (x u ) − η u tanh(νη uũ /µ u ).
The following controller in pitch direction is presented:
where χ q , χ iq , µ q , λ wq , δ q , λ ηq , κ q , η q0 > 0 and x q = [u, w, q, θ,q cf ] T ,ε q =q, and define q =Ŵ q ξ (x q ) − η q tanh(νη/µ q ).
The following controller in the yaw direction is proposed
+Ŵ r ξ (x r ) −η r tanh(νη rr /µ r ) W r = −λ wrr ξ T (x r ) − λ wr δ rŴ ṙ η r = λ ηr |r| − λ ηr κ r (η r − η r0 ) (27) where χ r , χ ir , µ r , λ wr , δ r , λ ηr , κ r , η r0 > 0 and x r = [u, v, r,ṙ cf ] T ,ε r =r, and define r =Ŵ r ξ (x r ) − η r tanh(νη rr /µ r ), u bs , q bs , r bs are the system robust terms that are designed in Section IV.
Then, substituting (25) , (26) and (27) into (4) and the following error dynamics is proposed:
where Defineε u =ũ,ε q =q,ε r =r,and (28) can be written as:
Then, define error vectors ε = [ε u , ε q , ε r ] T ,ε = [ε u ,ε q ,ε r ] T and E = [ε T ,ε T ] T , respectively, and (30) is finally rewritten asĖ = ME + NU, where:
D. FILTER ERROR COMPENSATION LOOP DESIGN
To guarantee the approximation precision between the command virtual control and the filtered signal, a filtered error compensation loop is developed in this section.
Define position filtered compensation errors ϑ s =s − α s , ϑ e =ẽ−α e , ϑ h =h−α h , where α s , α e , α h are constructed as:
where α s (0) = 0, α e (0) = 0, α h (0) = 0; α ψ , α θ are defined in (35) , and then consider a Lyapunov function as:
Differentiating (32) along with (20) and (31) yields:
where ϑ u =ũ = u − u cf , ϑ ψ , ϑ θ are defined in (34). Define the attitude filtered compensation errors as:
According to (23) , α ψ , α θ can be constructed as:
where α ψ (0) = 0, α θ (0) = 0, α r = 0, α q = 0. Then, consider a new Lyapunov function as:
Differentiating (36) along with (23) and (35) yields:
where ϑ q =q = q − q cf and ϑ r =r = r − r cf . Figure 4 illustrates a block diagram of the proposed path following control system. In the next section, the stability analysis of the closed-loop control system is proposed.
IV. STABILITY ANALYSIS
Theorem 1: Consider the three-dimensional path following error system of the underactuated AUVs which is denoted by (11) . The neuro-adaptive command filtered backstepping controller (25) , (26) and (27) combined with the robust compensation term (40) and (41), guarantees that all the signals in the closed-loop control system are bounded, and the path following errors uniformly ultimately converge to a small neighborhood of the zero.
Proof: Consider the following Lyapunov function for the overall closed-loop system: where P = P 1 0 3×3 0 3×3 P 2 is a positive definite symmetric
Then, define M
T P + MA = −2Q and differentiate (38) along with (30) , (33) and (37) yields:
Then, choose the following system robust terms:
Substituting (40) and (41) into (39) yields: 
Then, the equation (42) is expressed as follows by con- (25), (26) and (27):
Then, (43) finally results in the following differential inequality:V
where: ρ max = max{1, ρ P , This result implies that all the signals in the closed-loop control system are uniformly ultimately bounded, and the path following errors converge to a small neighborhood of the origin. This completes the proof.
V. SIMULATION EXAMPLES
In this section, numerical simulations are performed in MATLAB software environment to verify path following performance of the proposed control scheme. We conduct simulations on a new class of flying-wing underactuated AUV ( Figure 5 ) designed by Harbin Institute of Technology in China, which has more excellent hydrodynamic properties compared with traditional AUVs. The model parameters are given in [37] .
Initially, the three-dimensional desired spiral path is defined as: 
T , ω is the white noise disturbance,and K = diag {5, 4, 4, 5, 5} , T = diag {5, 5, 5, 5, 5} Meanwhile, AUV parameters are assumed to be unknown completely, and the unknown dynamics of the AUV is presented as follows: where k = u, v, w, q, r, and δ 1 = 0.6, δ 2 = 0.3,
The controller parameters are given by χ s = 12, χ e = 6,
Furthermore, the RBF neural networks with ten hidden nodes are used to approximate the uncertain dynamics of the AUV. The center vector and the standard deviation are chosen as µ n = [−10, −8, −6, −4, −2, 2, 4, 6, 8, 10] T and λ n = 15 based on the K clustering method [38] , and the parameters of the RBF neural networks are λ wu = 12, λ wq = 12, λ wr = 12, 
κ q = 0.5, κ r = 0.5. Moreover, in order to filter out the high frequency measurement noise in the system, the shear frequency of the filter is given by n = 2πf = 20rad/s, where f is the actual operation frequency of AUV, which is usually 3 ∼ 4 Hz. The damping ratio is set to ζ = 0.95 to guarantee that the system is overdamped.
Simulation results by using neuro-adaptive command filtered backstepping (NACFB) control, the sliding mode control (SMC) [39] and the traditional backstepping control are shown in Figures 6, 7, 8, 9 , 10, 11, 12 and 13.
As can be seen from Figures 6, 7 and 8, compared with the traditional backstepping controller and the sliding mode controller, the proposed controller in this paper can more accurately complete the AUV three-dimensional path following in the presence of model perturbations and external VOLUME 6, 2018 disturbances. And as shown in Figures 9, 10 and 11, the path following errors eventually converge to a small neighborhood of the zero under the NACFB controller, and the NACFB controller is not sensitive to the external disturbances, which indicates the proposed controller is of good robustness.
VI. CONCLUSIONS AND FUTUREWORK
In this paper, a neuro-adaptive command filtered back-stepping controller is presented for the three-dimensional path following problem of an underactuated AUV. A second-order filter is developed to obtain the derivative of virtual control, which greatly reduces the computational complexities of the traditional backstepping method, and filters out high frequency measurement noise in the system. Then, a filtered error compensation loop is designed to guarantee the approximation precision between the virtual control signals and the filtered signals. Moreover, all of vehicle uncertainties are compensated by the RBF neural networks and adaptive control techniques. And the stability of path following control system is proved based on the Lyapunov stability theory. Finally, simulations and comparative analysis were conducted to verify that the proposed controller is high accuracy of path following and good robustness.
For the futurework, path following of AUVs in the presence of constraints should be developed [40] , and it is of interest to extend these results to the distributed path following of AUVs by using the distributed coordination method [41] - [42] . 
